Solar energetic particles (SEP) are believed to originate from two different sources, solar flares and coronal mass ejections (CMEs). The large SEP events constitute a serious radiation hazard. The high-energy solar proton data obtained from NOAA Space Environment Services Center are used to investigate some statistical properties such as speed, apparent width, acceleration, latitude, mass, kinetic energy, and occurrence rate of SEP effective CMEs observed during the period 1997-2006 covering the solar cycle 23. It is found that SEP effective CMEs are nearly halo in nature, and they follow solar cycle variation. Such CMEs have higher speeds than those of non-SEP effective CMEs.
Introduction
The solar cycle and activity phenomena are some of the interesting physical processes that are least understood. Since the discovery of sunspots, their origin and formation still remains a mystery. In a similar way, physics of the recently discovered (compared to dates of sunspots' discovery) solar activity phenomenon, namely, the solar energetic particles (SEPs) is yet to be understood.
The Sun generates transient fluxes of nonthermal particles in interplanetary space, ranging from suprathermal to relativistic energies. In particular, solar energetic protons (SEPs) have been routinely detected by satellites since the descending phase of the 19th cycle and, before that time, only very major proton events were identified at the Earth (ground level enhancements). High-energy particles from the Sun were first observed [1] as sudden increases in intensity in ground-level ion chambers during the large solar events of February and March 1942. They come from solar flares in the low corona, from shock waves driven outward by coronal mass ejections (CMEs), from planetary magnetospheres, and from bow shocks [2] . Since this was long before the discovery of CMEs, it was natural to assume that the energetic particles came from the solar flares that often accompany large CMEs. McCracken et al. [3] showed that, unlike sunspots, SEP events follow the ∼80-100-year Gleissberg cycle rather faithfully. The largest SEP event in the last 400 years appears to be related to the flare observed by Carrington in 1859 [4] , but the probability of SEP events with such large fluencies falls off sharply.
The high-energy protons from SEP events present hazards to space systems; in particular damaging science instruments/electronics or to astronauts. A reliable estimate of the high-energy particle environment should assure the mission success. Without it, system survivability is often ensured by setting grossly overconservative mission requirements, resulting in high mission costs, weight, and physically large systems. The generation of SEP events on the Sun and, the occurrence of high-energy particles on the Earth orbit is, on one hand, the probabilistic phenomenon, and, on the other hand, it is related to changing of the solar activity (SA).
Reames [2] in his review states that "planets, and their interaction with the interplanetary medium, can be a rich source of energetic particles. In general, there are three distinct regions where energetic particles can be found. First, there are planetary bow shocks. Second, there are inner magnetospheres where particles can be stably trapped in well-defined radiation belts. Finally, there are the dynamic regions of the outer magnetospheres, magneto-sheaths, and magnetotails that are buffeted by the external force of the varying solar wind and the magnetic structures it contained therein." There are two distinct classes of SEP events, namely, "impulsive" and "gradual" (or long duration), which correspond to two physical mechanisms of particle acceleration [2, [5] [6] [7] [8] [9] [10] [11] .
In view of the above, we study properties of SEP effective CMEs which occurred during solar cyclevspace-2pt
Data
During our study period total 93 SEP events are identified by NOAA Space Environment Services Center out of which 82 SEP events are associated with CMEs during the period 1997-2006. The data for CMEs have been taken from the catalogue maintained by the Centre for Solar Physics and Space Weather (CSPSW) (http://cdaw.gsfc.nasa.gov/CME list). Since LASCO/SOHO images the corona continuously since 1996 covering a field of view in the range 1.5-32 R S , it represents a unique data coverage from solar minimum to maximum and beyond with a single spacecraft [12] . The SEP events are correlated with CMEs which occur within ±1 hour time window.
Some Properties of SEP Effective CMEs
In this section we have studied different statistical properties of SEP effective CMEs, in particular, speed, width, latitude, acceleration, mass, energy, and occurrence rate. The details are given below.
Speed of SEP Effective CMEs.
Mass motion is the basic characteristic of CMEs which is quantified by their speeds. Coronagraphs obtain images with a preset time cadence. Thus, when a CME occurs, the leading edge moves to a greater heliocentric distance. On measuring the heliocentric distance of the leading edge of the CMEs in each LASCO image, one obtains CME height as a function of time. The CME speed is determined from both the linear and the quadratic fits to the height-time measurements. The speed of CME is usually measured by constructing a time-height diagram for the fastest moving feature of the CME front as it appears projected on the plane of the sky [13, 14] . It is to be noted that the height-time measurements are made in the sky plane, so all the derived parameters are lower limits to the actual values.
The height-time (h-t) plots fitted to first order polynomials give an average speed within the LASCO field of view; but it may not be suitable for all CMEs. Quadratic fit to the h-t plot gives the constant acceleration which again is an approximation because the acceleration may also change with time [13] . The overall average and median speeds are 1431 km/s and 1423 km/s, respectively, which is much larger than the average and median speed 435 km/s and 369 km/s [15] of all CMEs; whereas in their study, Gopalswamy et al., [16] show that the average speed of the SEP producing CMEs is 1557 km/s. The histogram of speeds is exhibited in Figure 1 . • , which amounts to 68% of all SEP effective CMEs. The numbers in the figure give the number of events having a given angular width.
that are in the sky plane (solar source near the limb) will yield the true width. Figure 3 is the histogram of apparent angular width of CMEs for the period 1997-2006. Clearly, the width distribution is biased towards higher CME widths.
The apparent angular width of SEP effective CMEs ranges from 30
• degrees to 360
• (cf. Figure 3) . The average width from the 11-year-data for 82 SEP-associated CMEs is 285 bin are known as halo CMEs [17] . Halo CMEs appear to surround the occulting disk in the sky plane projection. Figure 4 exhibits annual average angular width of SEP effective CMEs. It varies from about 235
• to 360
• . Due to three-month data gap in 1998, the value 235
• is unreliable.
Latitudes of SEP Effective CMEs.
The CME latitude is obtained from the central position angle of the CME under the assumption that CME propagates radially away from the solar source region [18, 19] . This assumption may not be valid during solar minimum periods when the CME path may be controlled by the global dipolar field of the Sun. Figure 5 shows distribution of apparent latitude for the 82 SEP effective CMEs which occurred during the 10-year period (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) .
It is clear from Figure 5 that most of SEP effective CMEs are ejected from southern hemisphere, although the peak number occurs at 10
• . During the period under consideration the number of CMEs having latitudes in between 10
• and −50
• is much larger than that in the range >10
• to −50 • . About 46% of all SEP effective CMEs come from northern hemisphere and about 51% come from southern hemisphere. Only 3% of CMEs come from equatorial region.
Acceleration of SEP Effective CMEs.
The linear fit (constant speed) to the height-time measurements is a good approximation only for some CMEs, and a second order (constant acceleration) fit is better for others. Within the coronagraphic FOV, CMEs moving faster than the slow solar wind decelerate, while the slower ones accelerate. Figure 6 is the histogram of SEP effective CME acceleration for the period 1997-2006, that is, of cycle 23. It is clear from this figure that a majority (53%) of CMEs are decelerated, about 17% of them move with little acceleration and the remaining 30% have positive acceleration. Thus, CMEs have clear bias towards negative acceleration (deceleration). In all there were 64 SEP-associated CMEs whose acceleration could be determined.
All CMEs have positive acceleration in the beginning as they lift off from rest, which means the speed changes with time very early on.
From Figure 7 it is clear that there is no correlation between speed and acceleration of SEP-associated CMEs.
Mass and Energy of SEP Effective CMEs.
The width is a good indicator of the mass content of CMEs. Whitelight coronagraphs detect the photospheric light scattered by the coronal electrons and therefore provide a means to measure coronal density. CMEs appear as intensity (hence, density) enhancements in a sequence of coronagraph images. The mass in a CME is estimated by determining the CME volume and the number of electrons in the CME under the assumption that the CME is fully ionized hydrogen plasma with 10% helium. Vourlidas et al. [20] explain how one could obtain the mass and energy of a CME. Figure 8 is an 11-year (solar cycle 23) histogram involving CME mass. The average mass of 6 SEP effective CMEs; whose mass could be estimated by SOHO/LASCO catalogue is found to be about 1.7 × 10 15 g. The total mass ejected in SEP effective CMEs ranges from a few times 10 13 g to more than 10 15 g, whereas the mass of non-SEP-associated CMEs ranges from a few times 10 11 g to more than 10 17 g with average value about 1.2 × 10 15 g.
CMEs derive their energy from the magnetic fields in solar active regions, which contain intense magnetic fields during the solar activity maximum. Therefore, one expects more energy going into the CMEs during the maximum phase. times 10 27 erg to 10 32 erg having average value about 1.9 × 10 30 ergs [15] . There is large uncertainty in estimating mass and energy of remaining SEP effective CMEs. 
Discussion and Conclusions
The histogram of SEP effective CME speed ( Figure 1) shows that there is bias towards high speeds, in contrast to non-SEP effective CMEs [15] . The histogram of apparent width ( Figure 3 ) for all types of SEP-associated CMEs shows bias towards higher apparent angular widths (360 • ). That is, halo CMEs seem to be more effective for SEP events.
The CME apparent latitudes are well correlated with the latitude distribution of the helmet streamers [18] , rather than with the "butterfly diagram" latitudes of active regions [21] . The histogram of latitude ( Figure 5 ) shows a twolobe distribution with distinct peaks at midlatitudes (about
±10
• ) in both the northern and southern hemispheres and relatively few events near the equator. This is very different to the latitude distribution of white-light CMEs, which is sharply peaked at low latitudes. Mittal and Narain [15] show that number of CMEs having latitudes in between ±5
• and
±35
• is much larger than those beyond ±35 • . Also Mittal et al. [22] in their study show that narrow and normal CMEs have latitude in the range −20 • to +20
• . The histogram of SEP effective CMEs acceleration ( Figure 6 ) shows bias towards negative acceleration. About 53% have negative acceleration, 30% have positive acceleration, and the remaining 17% have very little acceleration.
Non-SEP-associated CMEs are also biased towards deceleration [14, 22] . Figure 7 shows that there is no correlation between speed and acceleration of SEP-associated CMEs.
Vourlidas et al. [23] estimated the mass as the excess mass in the coronagraphic field of view assuming that the entire mass is located in the sky plane. Mass estimates have also been made using radio [24, 25] and X-ray observations [26] [27] [28] [29] . The radio and X-ray estimates (10 14 -10 15 g) are generally lower than the white-light mass values. This is due to the fact that the X-ray and radio mass estimates correspond to the regions close to the Sun (and involve thermal emission properties of CME plasma), whereas the white light estimates correspond to larger heights (and involve Thomson scattering).
The histogram of mass of SEP effective CME mass (Figure 8) shows that mass is not an important parameter.
The histogram of CME kinetic energy ( Figure 9 ) is similar to that of mass.
Flares may also produce SEP effective events. The matter presented above leads us to conclude the following:
(1) the average and median of SEP effective CME speeds are 1431 km/s and 1423 km/s, respectively; (2) the average apparent width for 82 SEP effective CMEs studied by us is about 285
• that means most of the SEP effective CMEs are nearly halo in nature; (3) the distribution of SEP effective CMEs is biased towards deceleration, similar to normal ones; (4) the mass and kinetic energy of only 6 SEP effective CMEs could be determined, the average being 1.2 × 10 15 g and 1.91 × 10 30 ergs, respectively; (5) about 46% of all SEP effective CMEs come from northern hemisphere and about 51% come from southern hemisphere. Only 3% of CMEs come from equatorial region; (6) SEP effective CMEs follow the solar cycle variation.
